Derived from any somatic cell type and possessing unlimited selfrenewal and differentiation potential, induced pluripotent stem cells (iPSCs) are poised to revolutionize stem cell biology and regenerative medicine research, bringing unprecedented opportunities for treating debilitating human diseases. To overcome the limitations associated with safety, efficiency, and scalability of traditional iPSC derivation, expansion, and differentiation protocols, biomaterials have recently been considered. Beyond addressing these limitations, the integration of biomaterials with existing iPSC culture platforms could offer additional opportunities to better probe the biology and control the behavior of iPSCs or their progeny in vitro and in vivo. Herein, we discuss the impact of biomaterials on the iPSC field, from derivation to tissue regeneration and modeling. Although still exploratory, we envision the emerging combination of biomaterials and iPSCs will be critical in the successful application of iPSCs and their progeny for research and clinical translation.
Introduction
Induced pluripotent stem cells (iPSCs) possess a regenerative therapeutic potential comparable to embryonic stem cells (ESCs) without many of the associated ethical concerns (Bilic & Izpisua Belmonte, 2012) . Nevertheless, in vitro research applications and clinical translation of iPSCs have multiple challenges: 1 Costly and highly inefficient iPSC derivation and expansion protocols. 2 Incomplete reprogramming of somatic cells; or genetic instability occurring during in vitro expansion and differentiation, which may result in genetic abnormalities or potential immunogenicity following iPSC transplantation (Saha & Jaenisch, 2009; Araki et al, 2013) . 3 Safety concerns, primarily attributed to the potential risk of iPSC progeny to form teratomas (due to the presence of residual undifferentiated iPSCs) or malignant transformation posttransplantation (Hong et al, 2014) . Overcoming these limitations depends on designing well-defined cell culture strategies for iPSC derivation, expansion, and differentiation. Limited reprogramming efficiency may be improved by modulating the presentation and kinetics of reprogramming factors, which is challenging with traditional reprogramming methods (Hu, 2014) . Once reprogrammed, the efficiency of iPSC expansion and the control over their differentiation can be improved by carefully mimicking the native microenvironment of stem cells-also known as the stem cell niche (Dellatore et al, 2008) . The stem cell niche orchestrates stem cell phenotype, proliferation, and differentiation through key elements such as specific extracellular matrix (ECM) composition, 3D architecture, chemical and mechanical signals, and cell-cell interactions among resident cells (Scadden, 2006; Dingal & Discher, 2014) . Thus, approaches for closely mimicking stem cell niches may substantially increase the quality and efficiency of iPSC expansion and directed lineage specification. Such advancement will further enrich our understanding of iPSC biology and facilitate the development of new therapeutics (e.g. via establishment of patientspecific disease models), as well as advance iPSC-based cell replacement therapies (Robinton & Daley, 2012) .
Biomaterials-materials selected or designed to interact with biological systems (Williams, 2009 )-offer a unique and appealing strategy to advance iPSC research. For instance, biomaterials can be used to control the kinetics of reprogramming factors via nanoparticle-and microparticle-based systems. Biomaterials can also be used to overcome the issues associated with traditional iPSC expansion and differentiation protocols by creating stem-cell-like niches that incorporate key niche elements to enable precise regulation of stem cell fate and function (Lutolf et al, 2009; (Fig 1) . Beyond guiding iPSC in vitro expansion and differentiation, biomaterials may also be used to facilitate iPSC transplantation (Higuchi et al, 2011; de Peppo et al, 2013; Villa-Diaz et al, 2013; Teng et al, 2014) . In this review, we discuss in detail how emerging biomaterial-based strategies may solve key iPSC safety and efficiency challenges, which may soon allow iPSCs to realize their immense potential in the study and treatment of diseases.
Advanced biomaterials for the reprogramming of iPSCs
Limitations of traditional iPSC reprogramming systems Current iPSC reprogramming protocols are often associated with safety and efficiency concerns. These concerns are especially critical for therapeutic applications where a large quantity of homogenous iPSCs with clinical grade quality is required. Two general approaches exist for iPSC derivation: integrating and non-integrating approaches. The integrating approach typically employs viral vectors to deliver and integrate pluripotency genes. Unfortunately, this approach has the potential for insertional mutagenesis, or malignant transformation . Hence, clinical translation of integrating methods is severely limited due to safety and efficiency concerns. Alternatively, iPSCs may be derived with safer, non-integrating approaches, in which the pluripotency factors are transiently expressed or activated without genomic integration. Emerging non-integrating methods include episomal vectors and adenovirus-/plasmid-mediated transfection as well as pluripotency induction via chemically defined molecules [proteins (Kim et al, 2009; Zhou et al, 2009) , mRNAs (Warren et al, 2010) , and small molecules (Hou et al, 2013) ]. Nevertheless, these methods remain labor-intensive and may still induce occasional genomic integration, leading to genomic instability (Hu, 2014) . Even the seemingly straightforward DNA-free non-integrating methods [e.g. small molecule cocktails (Hou et al, 2013) or proteins (Zhou et al, 2009) ] remain highly inefficient, requiring intricate protocols with multiple rounds of treatment, large doses, and uncontrolled presence/kinetics of reprogramming factors. Thus, new strategies are required to overcome the limitations associated with these traditional reprogramming methods.
Approaches employing biomaterials to surmount these barriers have shown promising results. Engineered biomaterials can potentially aid in iPSC derivation through controlling the kinetics of reprogramming factor delivery. Furthermore, well-defined biomaterial substrates can regulate the epigenetic state of iPSCs (Downing et Figure 1 . Overview of biomaterial-based strategies for enhancing the safety and efficiency of existing iPSC technologies and to better probe iPSC biology and control cell fate in vitro and in vivo. Biomaterials may be employed to facilitate all steps of iPSC production and consequently may help address pressing limitations of current derivation, expansion, and differentiation protocols. Traditional viral iPSC reprogramming methods, though efficient, are concerning due to insertional mutagenesis. Conversely, non-integrating iPSC reprogramming methods have lower efficiencies and require elaborate experimental procedures. To overcome the concerns associated with traditional iPSC reprogramming methods, biomaterial-based nano-/microparticles can be used to control the release kinetics of reprogramming factors to potentially avoid viral insertion, increase efficiency, and introduce simpler and less labor-intensive approaches for reprogramming. Furthermore, these nano-/microparticles can also be used to deliver soluble factors and small molecules for the expansion and differentiation of iPSCs (Corradetti et al, 2012) . In parallel, biocompatible synthetic substrates can be engineered with patterned physicochemical cues and functionalized with surface-tethered factors to emulate native components of stem cell niches (Watt & Huck, 2013) . Making use of biomaterial-based nano-/microparticles and biocompatible synthetic substrates can improve the scalability of traditional expansion and differentiation protocols because they can be reproducibly synthesized on large scales (as they are chemically defined) and at relatively low costs. The reduction in cost and labor will be key for the large-scale production of iPSCs and their progeny. Given the costs associated with the initial development and manufacturing of biomaterials, the cost of biomaterial-based iPSC production could be higher than that of traditional protocols at the early stage. However, in the long run, the application of biomaterials could render the iPSC production and differentiation processes more efficient (e.g. reducing the required concentrations of reprogramming factors via controlling their spatiotemporal presentation). We envision that the overall cost of biomaterial-based protocols will be significantly lower than that of traditional protocols.
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). This may work synergistically with traditional reprogramming approaches to improve reprogramming efficiency.
In the following section, we highlight how these biomaterial-based strategies have been employed thus far and how these methods may impact iPSC derivation.
Biomaterial-based delivery systems for iPSC reprogramming Biomaterial-based derivation of iPSCs-whether alone or in combination with existing non-integrating approaches-may improve reprogramming efficiency, safety, scalability, and reproducibility. Numerous compelling strategies involving biomaterials have emerged to deliver multiple reprogramming molecules with greater efficiency and more controlled kinetics than traditional methods (Fig 2) , which we discuss herein. We recognize that while biomaterial-based strategies have great implications for iPSC reprogramming, most approaches developed are too complicated to be commercialized into research tools. Concerted efforts from biologists, materials scientists, and engineers are merited to further simplify these strategies, and in particular, efforts are needed to limit costs as well as scaled batch-to-batch variability.
1. Biomaterials for potential spatial-temporal control of reprogramming factors Maximizing efficiency of iPSC derivation depends on controlled spatial-temporal delivery of reprogramming factors since the timing and duration of cell exposure to extracellular stimuli significantly influence cell fate (Gaeta et al, 2013; Hou et al, 2013; Liu et al, 2013a) . While these kinetics are poorly controlled with traditional reprogramming approaches (e.g. via media changes), biomaterial-based nano-and microparticles (MPs) can deliver and release payloads with spatial-temporal control [e.g. via sustained or pulsatile release profiles (Ge et al, 2012) ], essential for maximizing the desired biological effects (Mohamed & van der Walle, 2008) . These versatile particles may effectively deliver a spectrum of small molecules and biological cargos, including, but not limited to, growth factors, nucleic acids, and plasmids, making them a customizable platform for cellular reprogramming (Panyam & Labhasetwar, 2003) . Specifically, engineered degradable biomaterials can deliver factors to targeted subcellular locations with precise timing by leveraging the correlation between particle size and delivery kinetics. In general, smaller particles (typically < 1 lm, depending on target cell type and uptake mechanism) can rapidly enter cells and release encapsulated agents upon enzymolysis or hydrolysis (Woodward et al, 1985; Kou et al, 2013) , whereas larger particles (typically > 1-2 lm) are not as efficiently internalized and are less accessible to degradation, permitting slower, sustained release of factors (Xu et al, 2009) . This difference in release kinetics has been largely attributed to the surface area-to-volume ratios of particles with different sizes (Varde & Pack, 2007; Carpenedo et al, 2010) . In addition to controlling particle size, manipulating other properties of biomaterials, including material composition, degradation rate, and inner architecture (e.g. porosity), enables tuning of delivery kinetics to produce controlled release systems (Varde & Pack, 2004; Klose et al, 2006; Giteau et al, 2008) . Such tunability can be further realized by harnessing the potential responsiveness of biomaterials to environmental stimuli (Kost & Langer, 2012; Nakao, 2014; Patil & Shahiwala, 2014) . Such delivery systems are capable of adjusting drug release in response to particular stimuli. In addition to microenvironmental stimuli, external stimuli can also be used to activate on-demand release and can include magnetism, electrical fields, ultrasound, and temperature changes (Mura et al, 2013) . A broad set of biomaterials have been explored and designed to achieve desired temporal profiles such as daily pulsatile release and peak/plateaued release within a specific short interval. This technology could be particularly useful for controlling the temporal presentation of reprogramming factors, whether they are needed, for example, continuously for the first 5 days and then pulsatile thereafter each day every other day, or only on days 6 and 12 of reprogramming.
Given the versatility of the previously mentioned release platforms, the efficiency of their intracellular delivery, essential for transcriptional regulation of pluripotency induction, relies largely on the successful transmembrane trafficking of biomaterials. This process is primarily driven by endocytosis-mediated cellular uptake; however, it is generally associated with endosomal escape or loss of delivered materials due to vesicular degradation/recycling, leading to limited delivery efficiency (Kou et al, 2013; Sahay et al, 2013) . To potentially obviate this issue and maximize the reprogramming efficiency, reprogramming factor-laden biomaterials may be forced into the cytosolic space via rapid and cytocompatible mechanical deformation of somatic cells (via a microfluidic device). This deformation induces transient membrane disruption, resulting in passive diffusion of biomaterials into the cells (Sharei et al, 2013) . In combination with biomaterial-based delivery platforms, this microfluidic technology could further improve the spatial presentation of reprogramming factors and maximize the reprogramming efficiency in a safe and high-throughput manner [e.g. operated at a throughput rate of 20,000 cells/second per device (Sharei et al, 2013) ]. It is conceivable that such a combination could be used to localize multiple factors that are difficult to deliver, such as macromolecules with diverse and sensitive structures (Yan et al, 2010) for a broad range of iPSC applications in addition to iPSC derivation. Alternative intracellular delivery methods include microinjection, electroporation, and sonoporation which have also been explored to facilitate cellular internalization of biomolecules or nanoparticles (Miller et al, 2002; Geng & Lu, 2013) . They have demonstrated excellent spatiotemporal and dose control for delivery without significantly impairing the manipulated cells Boukany et al, 2014) .
The broad utility of the biomaterial-based controlled release strategies has been extensively demonstrated by a spectrum of materials including biodegradable polyester-based materials (Richards Grayson et al, 2003; Mohamed & van der Walle, 2008; Makadia & Siegel, 2011) . For example, nano-/microparticles formulated by poly(lactic-co-glycolic acid) (PLGA) offer high stability, potential for narrow size distribution, tunability, and an excellent safety profile (FDA-approved) (Danhier et al, 2012; Ankrum et al, 2014b) . It has been adopted as a gene delivery vehicle for multiple transfection applications (Seo et al, 2013; Tian et al, 2013) . PLGA degrades into lactic acid and glycolic acid (natural metabolites found in the body). Its degradation rate can be tailored by balancing the ratio of lactic acid and glycolic acid and altering the molecular weight, thereby enabling controlled release of encapsulated genetic materials (Lu et al, 2000; Danhier et al, 2012) . With fine-tuning of the surface chemistry, size, and drug loading, PLGA particles encapsulating phenotype-altering agents enable efficient, sustained stabilization/ release of the encapsulated factors into individual cells or spheroids for prolonged control of cellular functions (Ankrum et al, 2014a,b) or morphogenesis (Carpenedo et al, 2009 (Carpenedo et al, , 2010 Bratt-Leal et al, 2011) , respectively. For instance, we have recently demonstrated loading of PLGA MPs with several agents into multiple cell types to control cell phenotype from the intercellular milieu [ Fig 3A (1-3) ] (Sarkar et al, 2011; Ankrum et al, 2014a,b) . By selecting agents that can easily cross cell membranes (e.g. certain positively charged agents and small molecules), it is also possible to use this strategy to control the microenvironment surrounding the modified cells. Specifically, we have shown that human mesenchymal stem cells (MSCs) loaded with dexamethasone (Dex)-doped PLGA MPs release Dex to regulate the differentiation of both the modified cells and cells in the adjacent microenvironment. We have also shown that budesonide-loaded PLGA MPs enhance the MSC immunomodulatory phenotype and that iron oxide nanoparticle-loaded PLGA MPs can be used to track MSCs in vivo (Xu et al, 2012; Ankrum et al, 2014a) . This platform may be used to improve reprogramming (A) Well-defined, biomaterial-based micro-/nanoparticles can be formulated and engineered to load multiple reprogramming factors (e.g. Sox2, Oct4, and Klf4). The controlled distribution of different factors-on the surface of the particle (factor a) and entrapped in the particle (factor b)-can be readily achieved during the particle formulation process, and an additional factor (c), if required, can be loaded onto the particle via a stimuli-responsive linker. Given the biodegradability of chosen biomaterials, the varied distribution of multiple reprogramming factors (surface adsorption versus homogeneous encapsulation) and the degradation characteristics of the carrier particle dictate the spatiotemporally controlled release profiles of different factors such as sustained, zero-order release (curve b) and initial burst release followed by slower release or maintenance dose (curve a). Meanwhile, the surface-immobilized stimuli-responsive linker can be cleaved in response to environmental triggers, for example, pH and temperature, to release factor c on demand (e.g. pulsed release every other day, curve c). (B) Nanoparticle-based, smart, artificial transcription factor that is surfacefunctionalized with nuclear-targeting sequence, DNA-binding domains, and activators for the relevant transcription factors, enabling efficient nuclear localization and effective gene regulation. (A) Confocal microscopy shows the intracellular localization of phenotype-altering agent-doped PLGA MPs in mesenchymal stem cells that can release agents for several weeks following internalization (A1) a mesenchymal stem cell, (A2) a MIN6 beta cell, and (A3) a RAW 264.7 macrophage. This robust particle platform could potentially serve as an intracellular depot for sustained presentation of reprogramming factors to achieve efficient iPSC derivation from multiple somatic cell types. Scale bars, 10 lm. Green (DiO stain), membrane; red (rhodamine 6 g), particles; blue (Hoechst), nuclei; Adapted with permission from Ankrum et al (2014b) . (B) One potential biomaterial strategy for controlled regulation of gene expression is nanoparticle-based artificial transcription factors (NanoScript). This platform could be potentially adopted for the activation or expression of pluripotency-associated genes for improved iPSC derivation. B1: NanoScript is devised to emulate the structure and function of TFs by assembling the principle components, DBD, AD, and NLS, onto a single 10-nm gold nanoparticle via molecular linkers. This design enables the penetration through plasma membrane and entrance into the nuclear membrane through NLS-nuclear receptor coupling. NanoScript interacts with DNA and triggers transcriptional activity leading to desired gene regulation. B2: transmission electron microscopy (TEM) micrograph demonstrates the localization of NanoScript clusters within the nucleus (scale bar = 200 nm), with the inset showing individual nanoparticles (scale bar, 100 nm). Adapted with permission from Patel et al (2014) . (Kim et al, 2009; Zhou et al, 2009; Hou et al, 2013) . The sequential introduction of individual time-sensitive reprogramming factors with varied timing and duration appears to be indispensable for the activation of early biological events [e.g. epithelial-to-mesenchymal transition (EMT)], essential for the following distinct reprogramming phases (David & Polo, 2014) that are important for improved pluripotency induction (Liu et al, 2013a (Liu et al, , 2014a . Although these state-of-the-art regimens have significantly advanced the iPSC field, further improvements for tightening control over these systems is required. Biomaterial-based methods are poised to refine, simplify, and improve the efficiency and safety of these protocols. Biomaterials may be used to control timing of factor delivery in ways soluble small molecule cocktails cannot (e.g. biomaterials can achieve targeted release with pulsatile or sustained dosing) (Martinez et al, 2013) . Furthermore, biomaterials may simplify derivation protocols by reducing the number/dosage of interventions necessary for stable pluripotency induction (e.g. responsive biomaterials that deliver multiple components at the desired times) (Bratt-Leal et al, 2013; Cheng et al, 2013) . Biomaterials may also improve derivation safety by eliminating cytotoxic solvents used in the traditional small-molecule-based reprogramming methods.
Herein we outline how biomaterial-mediated iPSC derivation can regulate reprogramming events in somatic cells with superior precision and efficiency through controlled delivery of multiple reprogramming factors, further improving the current reprogramming protocols (Robinton & Daley, 2012; Hu, 2014) . This regulatory potential has not yet been achieved experimentally. Although time is required to design and implement biomaterial strategies to deliver these intricate combinations of small molecules or proteins, we can envision how these platforms may advance the iPSC field by taking inspiration from successful delivery of drugs in other settings.
Scaffolds may also be doped with factors (including growth factors) prior to cell seeding to control cellular responses (Ma et al, 2013a) . For example, Richardson et al (2001) developed a simple, single PLGA-based scaffold for the sequential release of dual angiogenic factors [vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF)]. The growth factors were loaded into PLGA scaffolds by either mixing with the polymer prior to scaffold formation (VEGF) or pre-encapsulated into PLGA MPs (PDGF) used for scaffold fabrication. The resultant dual factor-containing scaffold produced rapid release of VEGF, which was primarily associated with the surface of the scaffolds, and much slower release of PDGF, which was more evenly distributed throughout the scaffold, primarily released through the degradation of PLGA. Therefore, the balance of these two release profiles can be further tailored, if needed, by tuning the degradation rate of PLGA as discussed earlier. While this platform was designed for tissue regeneration use, such versatile, single polymer-based scaffolds may be used to codeliver combinations of reprogramming factors with distinct kinetics to achieve improved reprogramming efficiency. In addition, the robustness of a PLGA-based release platform can be used to deliver drugs with diverse physicochemical properties including simultaneous release of hydrophobic and hydrophilic agents (Zhang et al, 2007) . Biomaterials can be used to regulate multiple and individual factor release with a single delivery system and this should be useful for next-generation iPSC derivation protocols.
3. Potential of artificial transcription factors for reprogramming Biomaterials may also be harnessed to create nanoparticlebased artificial transcription factors (TFs) for efficiently controlling gene regulation and may be used for cellular reprogramming. Recently, Patel et al (2014) designed a platform to mimic TF domains ("NanoScript") by conjugating cell-penetrating peptides and synthetic TFs onto gold nanoparticles. The synthetic TFs recapitulated their native gene regulation activity by mimicking the three principle TF components-nuclear localization signal (NLS), DNA-binding domain (DBD), and activation domain (AD)-which were tethered in close proximity on the gold nanoparticles ( Fig 3B) . Furthermore, the gold nanoparticle not only served as the delivery vehicle, but also functioned as the linker domain (LD) of the synthetic TF. NanoScript effectively transcribed desired genes on endogenous DNA by localizing to the nucleus and initiating transcription of a reporter plasmid with a 15-fold increased efficiency compared to control groups (individually added TF components). This system may find utility in reprogramming somatic cells to iPSCs. Such biomaterial-based platforms may not only reduce safety concerns associated with viral vectors, but also enhance reprogramming efficiency with superior tunability.
Biomaterial-induced epigenetic regulation of iPSCs
In addition to direct delivery of reprogramming factors to improve reprogramming efficiency, existing iPSC derivation methods can be complimented through modulating the epigenetic state of somatic cells via engineering the cellular microenvironment. The physical properties of substrates on which iPSCs grow serve a vital role in regulating the cellular epigenetic state, and hence, reprogramming. A recent study by Li et al demonstrates that induction of iPSCs by exogenous transcription factors could be markedly enhanced by seeding murine or human fibroblasts onto polymer substrates with specialized surface topography or onto nanofibrous scaffolds with anisotropy (Downing et al, 2013) . Specifically, micro-and nanopatterned polydimethylsiloxane (PDMS) substrates, especially those with microgrooves 10 lm wide/spaced, significantly promoted the expression of epithelial and pluripotency markers by triggering a more elongated cell morphology, which led to the induction of histone modifications (compared to cells with a circular shape) essential for epigenetic regulation and reprogramming. This process is thought to be mediated by mechanotransduction signaling through the cytoskeleton that interferes with acetylation and methylation of DNA-packing histones (Xu et al, 2013b) . The microgrooved PDMS surface or aligned poly(L-lactide-co-caprolactone) nanofibers accelerated cellular reprogramming, in part by altering the expression of key epigenetic regulators. Modulating epigenetic regulators through biophysical features of the cellular substrate and cellular mechanosensing could serve as an important method for reprogramming somatic cells. Interestingly, substrate-induced mechanosensing may effectively bypass the effects of soluble biochemical factors for stem cell fate conversion Xu et al, 2013b; Dalby et al, 2014) . Elucidating and harnessing the potential interplay between physical and biochemical cues, along with engineering the cellular microenvironment using well-defined biomaterials, may uncover new avenues for controlling the fate and function of stem cells with improved efficiency.
Engineered biomaterials for the expansion of iPSCs
Limitations of traditional iPSC expansion systems Traditional PSC expansion systems are generally associated with safety and scalability issues. Many expansion protocols for PSC and iPSC require mouse embryonic fibroblasts (MEFs) as a feeder layer. Feeder cells produce essential cytokines, growth factors, and ECM molecules to support the self-renewal of PSCs (Hongisto et al, 2012) . However, it is difficult to verify and ensure the reproducibility of their secretome contents, which are chemically undefined (Villa-Diaz et al, 2009). Additionally, human and murine PSCs show different dependence on MEF feeder layers, limiting the applicability of MEF feeder-based culture systems. Furthermore, potential animal-derived pathogens or xenogenic contaminants [e.g. N-glycolylneuraminic acid (Neu5Gc) (Heiskanen et al, 2007) ] associated with MEF feeder layers and xeno-derived culture additives could compromise the quality and stability of iPSCs. Overall, these limitations may negatively impact scale-up and banking of iPSCs as a clinically compliant therapeutic product (Ahrlund-Richter et al, 2009) .
To overcome the shortcomings of feeder layers, extensive effort has been devoted to the development of feeder-/xeno-free systems to expand iPSCs (Celiz et al, 2014; Lee et al, 2014) . Matrigel TM has been widely employed as an alternative iPSC expansion substrate to bridge the gap between feeder-based and defined feeder-free iPSC expansion (Villa-Diaz et al, 2013) . Matrigel TM is derived from mouse sarcomas and is enriched with ECM components such as laminin, fibronectin, collagen IV, heparin sulfate proteoglycans, and other growth factors (Kleinman et al, 1982) . However, its undefined chemical compositions, in addition to being animalderived, result in considerable lot-to-lot variability and potential xenogenic contamination, thus challenging its use in robust in vitro models and in large-scale production. Despite these challenges, Matrigel TM remains one of the most commonly used substrates for iPSC culture and serves as an important starting point to identify the required conditions for iPSC growth and to develop defined substrates for expanding iPSCs in an efficient and clinically compliant manner.
Alternative biomaterial platforms for high-efficiency iPSC expansion To address the safety and efficiency issues associated with the aforementioned conventional expansion approaches, biomaterials have been explored in the development of chemically defined, xeno-/ feeder-free culture platforms for (large-scale) efficient iPSC expansion. These biomaterial-based substrates or matrices primarily aim to harness or emulate the cell-matrix interactions occurring within the native stem cell microenvironment, which are crucial for the adhesion, growth, maintenance, and fate regulation of PSCs (Watt & Huck, 2013) . Such matrix-mediated cellular responses are largely attributed to the specific physicochemical properties of the substrates/matrices such as matrix rigidity, surface chemistry, relative hydrophilicity (wettability), and topography. Rational engineering of these physicochemical features could involve, for example, the binding/pre-adsorption of essential ECM proteins found in the niche (e.g. vitronectin) with active conformations. Additionally, substrates can be engineered to sequester growth factors (supplemented or endogenous), creating an instructive, cellinteractive milieu to support the long-term self-renewal of hPSCs or their progeny (Chang et al, 2013; Belair et al, 2014) . Rationally engineered biomaterials have been explored for iPSC expansion, ranging from complex combination of ECM proteins [analogous to Matrigel TM , but with defined composition (Evseenko et al, 2009) ] to simple UV-/ozone-treated plastic surfaces (Saha et al, 2011) , which are becoming progressively simpler, more cost-effective, and scalable (Celiz et al, 2014) (Fig 4) . Most of these expansion substrates are applicable to chemically defined, xeno-free culture medium (e.g. mTeSR TM ), with a few of them exhibiting the support for iPSC expansion at levels similar or perhaps even greater to that of Matrigel TM (currently considered the gold-standard expansion substrate) (Celiz et al, 2014) . Defined synthetic substrates, which comprise "off-theshelf" components, are becoming easier to synthesize with low cost and display significant advantages for industrial scale-up of iPSCs. In this section, we will highlight several representative iPSC expansion substrates and provide our perspective on the promise of defined, synthetic iPSC expansion substrates for improved control of culture conditions and improved expansion efficiency and scalability.
ECM protein-based 2D substrates To replace Matrigel
TM for the growth of ESCs and iPSCs, several cell adhesion ECM proteins including, but not limited to, laminin , fibronectin (Amit et al, 2004; Kalaskar et al, 2013) , and vitronectin (Braam et al, 2008; Chen et al, 2011) are actively being studied. For example, one laminin isoform, LN521, has been identified as a promising substrate for iPSC expansion (Rodin et al, 2014a) . LN521 has been used as a sole substrate for iPSC derivation, expansion, and differentiation in a xeno-free medium (Rodin et al, 2014b) . This laminin isoform supported the integration-free reprogramming (> 0.18% efficiency, comparable to Matrigel TM coating) and the expansion of human iPSCs, facilitating prolonged passaging (> 10 passages). Similarly, established a xeno-free, vitronectinbased substrate for long-term production (> 100 passages) of human iPSCs. The iPSCs were transferred 5 days after reprogramming onto a vitronectin-coated culture plate in MesenGRO medium and cultured for additional 2 days, followed by switching the culture medium to a chemically defined medium (HF12SM) supplemented with a cocktail of signaling molecules (e.g. protein kinase C inhibitors). This chemically defined medium functioned synergistically with the vitronectin coating to induce and maintain iPSCs with high colony-forming efficiency and pluripotency. A similar vitronectin substrate has been utilized for generating and expanding functional iPSCs from human urine-derived cells as well . These findings reinforce that vitronectin is a robust substrate that can assist the self-renewal of iPSCs derived from different somatic cell types. Typical cell-ECM linkers such as integrin aVb5 or a6b1 have been shown to be critically involved in the ECM-induced highefficiency expansion of iPSCs (Sams & Powers, 2013) . As our understanding of multiple cell adhesion receptor-ligand interactions improves, the list of ECM protein-based iPSC expansion substrates accrues (Miyazaki et al, 2012; Celiz et al, 2014) . However, an important priority is to perform systematic studies that compare the impact of individual ECM proteins or their combinations on iPSC growth and expansion.
2. Synthetic peptide-and polymer-based 2D substrates Despite their improved efficiency, native ECM protein substrates such as laminin and vitronectin are not ideal due to their large, temperature-/pH-sensitive conformations, which make them unstable for long-term use (e.g. > 1 month) (Wong et al, 2014) . To overcome this limitation, stable synthetic peptide, polymer (or conjugates), and proprietary macromolecule substrates have been developed to facilitate long-term iPSC culture (Derda et al, 2007; Klim et al, 2010; Liu et al, 2011; Jin et al, 2012; Deng et al, 2013; Qian et al, 2014) . Many of these systems often exploit certain biological motifs [e.g. adhesive peptides or heparin-mimicking moieties (Chang et al, 2013) ] to attach cells on different substrates [e.g. tissue culture polystyrene (TCPS), hydrogels] and have been used in conjunction with chemically defined maintenance medium for high-efficiency iPSC propagation (Villa-Diaz et al, 2013) .
For example, a commercially available material, Synthemax TM , which is a biologically active peptide-functionalized acrylate polymer, has been shown to support the attachment, spreading, and proliferation of human iPSCs. The active, relatively short peptide sequences are synthetic and hence more stable and scalable compared to their complex, full-length ECM counterparts (Melkoumian et al, 2010) . The Synthemax TM substrate is based on an Arg-Gly-Asp (RGD)-containing short peptide, which is derived from vitronectin and conjugated to a 2D acrylate surface via a poly(ethylene oxide) spacer. The presence of the spacer is thought to reduce steric hindrance, thus promoting peptide-induced iPSC adhesion and proliferation via the integrin machinery described above for vitronectin (Jin et al, 2012) . The iPSCs maintained their pluripotency and normal karyotype on Synthemax TM for more than ten passages (Jin et al, 2012) . Moreover, this system is amenable to standard sterilization techniques, such as c-radiation, and can be scaled to large culture-vessel formats, suggesting its potential for large-scale manufacturing of iPSCs for in vitro applications (e.g. high-throughput drug screening) or clinical products (Melkoumian et al, 2010) . This synthetic substrate further exemplifies the potential of harnessing cell-matrix interactions to enhance the efficiency and safety of iPSC production. Alternatively, synthetic substrates and peptides can help to minimize anoikis-induced cell death (caused when cells detach from their ECM) and facilitate iPSC expansion. For instance, QHREDGS, a conserved peptide fragment identified in angiopoietin-1 [a glycoprotein responsible for endothelial cell adhesion and vascularization (Miklas et al, 2013) ], was utilized as a defined culture surface for iPSC maintenance (Dang et al, 2014) . The QHREDGS peptides, which were chemically tethered to a non-fouling polyethylene glycol (PEG) hydrogel surface, markedly improved the adhesion of iPSCs, a process that appeared to be mediated by b1-integrin receptors. While this peptide promotes survival and proliferation of multiple other cell types (Rask et al, 2010) , long-term survival of undifferentiated iPSCs on this peptide-immobilized substrate is currently unclear and needs to be assessed.
When considering the potential of bringing exogenous iPSC progeny to the clinic, scaling up with batch-to-batch consistency becomes a primary concern (Brindley et al, 2013) . For that reason, synthetic peptide-functionalized substrates may be challenging owing to their high manufacturing costs and extra conjugation steps (Place et al, 2009) . To lower the cost of iPSC expansion, a synthetic polymer-based substrate, poly[2-(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide] (PMEDSAH, a zwitterionic hydrogel), could be useful (Villa-Diaz et al, 2010) . Unlike the natural and recombinant ECM substrates discussed above, PMEDSAH is chemically defined and therefore offers the advantages of long-term stability and storage. Its reproducible synthesis is possible at large scales with relatively low costs (Villa-Diaz et al, 2010). PMEDSAH The
has supported prolonged iPSC colony formation and proliferation in an undifferentiated state for greater than 20 passages and consequently seems to be superior to Synthemax TM for scaling up iPSC production (Villa-Diaz et al, 2012). Alternatively, Chang et al (2013) reported a hydrogel-based substrate containing synthetic heparin-mimicking moieties that enables long-term self-renewal of hPSCs (> 20 passages). The hydrogel substrates bearing different functional groups, hydrophilicity, and matrix rigidity were synthesized via copolymerization of acrylamide (PAm) with synthetic heparin mimics [poly(sodium 4-styrenesulfonate) (PSS)] or with monomers enriched with carboxylate groups using varied molar ratios. The PSS moieties are capable of sequestering basic fibroblast growth factor (bFGF) that mediates FGF signaling (Sangaj et al, 2010) and self-renewal of hPSCs (Levenstein et al, 2006) . Specifically, the hydrogel with PAm and PSS at a molar ratio of 6:2 (PAm 6 -co-PSS 2 ) was most supportive for hPSC expansion. It also exhibited the ability to form compact colonies as observed with Matrigel TM , albeit with slightly lower population doubling rate. Interestingly, the PAm 6 -co-PSS 2 -induced effect is highly dependent on its surface hydrophilicity and functional groups. The PAm hydrogel substrates copolymerized (equal 6:2 molar ratio) with the aforementioned PMEDSAH monomer (PAm 6 -co-PMEDSAH 2 , similar rigidity and functional groups but nearly threefold lower hydrophilicity) or with carboxyl-enriched monomer (similar rigidity and hydrophilicity but more carboxylate groups) exhibited minimal to no cell adhesion. These observations may be attributed to the significant alterations in the extent of BSA, vitronectin, or bFGF adsorbed/bound to surfaces of varied physicochemical properties. Moreover, compared to the carboxyl-enriched surface, the cells on PAm 6 -co-PSS 2 surface showed higher endogenous expression levels of multiple integrin receptors, ECM proteins, and remodeling enzymes that are known to be essential for the self-renewal of hPSCs (Chang et al, 2013) . These findings collectively highlight the significance of the cellmatrix interface for the adhesion and long-term self-renewal of hPSCs. We envision that the findings discussed herein for hPSCs can be readily applied to iPSCs. Chemically defined, synthetic substrates could offer significant advantages for the long-term expansion of iPSCs through rationally engineered cell-material interfaces.
3. Scalable, synthetic 3D expansion platforms Despite their promise, the aforementioned 2D substrates lack important physiologically relevant interactions that 3D culture systems provide including native cell-cell and cell-matrix interactions (Kraehenbuehl et al, 2011) . Compared to 2D monolayers, 3D culture is thought to be more efficient for providing spatial-temporal signals [e.g. 3D cell-ECM interactions and growth factor gradients (Sant et al, 2010) ] that are essential for cell proliferation and function (Han et al, 2014) . Furthermore, shifting from a 2D monolayer to 3D culture platform significantly increases the space for cells to propagate without causing unfavorable stacking/ agglomeration in the third dimension, which is advantageous for the scale-up of iPSC expansion (McDevitt, 2013) . Lei and Schaffer (2013) recently demonstrated the promise of using 3D scalable, synthetic platforms for high-efficiency iPSC expansion. Numerous synthetic or natural biomaterials including alginate, agarose, hyaluronic acid (HA), and poly(N-isopropylacrylamide)-co-poly(ethylene glycol) (PNIPAAm-PEG) hydrogels were compared for their ability to maintain the expansion and differentiation of iPSCs. Their multifactorial optimization studies revealed that under a specific predetermined cell encapsulation density, the thermoreversible PNIPAAm-PEG gel exhibited significant efficacy of promoting long-term iPSC expansion, with high growth rate, purity, and fidelity of pluripotency. Specially, this system achieved a~20-fold expansion of iPSCs per passage within only 4-5 days of cultivation and further attained long-term culture with high expansion rate (10 72 -fold over 280 days). This 3D iPSC expansion system can generate significantly higher cell densities and larger spheroids than 2D adherent systems, despite utilizing comparable amounts of culture media and exchange intervals (McDevitt, 2013) . Additionally, the differentiation into all three germ layers and teratoma formation following long-term expansion in the PNIPAAm-PEG gel were confirmed in vitro and in vivo, respectively. The robustness of this 3D hydrogel expansion system was also validated in parallel with multiple human ESC cell lines. Chemically defined and scalable, this type of synthetic 3D matrix is a promising platform for the biological investigation and clinical development of iPSCs-based approaches.
4. Advantages of defined, synthetic polymer-based expansion platforms Regardless of 2D or 3D culturing approaches, the utility and translation of ECM-or ECM-derived peptide-based substrates are often limited by their scalability, reproducibility, and cost (especially when it is critical to ensure high purity and pathogen-free conditions). In contrast, synthetic polymer-based substrates can be engineered to achieve minimal batch-to-batch variations and can offer reasonable scalability, which is a challenge with traditional substrates. Moreover, the physicochemical and mechanical properties of synthetic polymers are in general highly tunable. The ability to modulate the stiffness of the culture substrate can augment the synergy between integrin and soluble growth factor signaling, leading to enhanced proliferation and inhibited differentiation of ESCs (Saha et al, 2006; Xu et al, 2010; Dingal & Discher, 2014) . Moreover, synthetic materials are typically amenable to nanoscale synthesis and automation technologies, thus can be easily customized into high-throughput platforms. Such platforms enable efficient manipulation of the physicochemical and mechanical properties of the substrates, along with the addition of soluble factors, to study their interplay with stem cell proliferation and differentiation with high levels of cellular readout. This principle has been recently demonstrated by several elegant studies involving high-throughput biomaterial arrays and ESCs/iPSCs (Anderson et al, 2004; Mei et al, 2010; Zonca et al, 2013) . Functionalizing synthetic substrates with biomolecules (e.g. growth factors) may promote iPSC expansion through enhancing the material interface-mediated signaling essential for stem cell selfrenewal. For instance, the leukemia inhibitory factor (LIF) mitogen when covalently tethered onto polyester fiber substrates (Cetinkaya et al, 2007) or onto surfaces pre-engineered with a growth factor linker [poly(octadecene-alt-maleic anhydride) (Alberti et al, 2008) ] showed significant support for the expansion of ESCs using a small quantity of growth factors (less than used to supplement media). Through rational selection of conjugation chemistry, the surfacetethered growth factors preserved their bioactivity and active conformation. In contrast to soluble factors that often require high concentrations in media, and whose delivery kinetics are burdened by media changes, surface-functionalized biomaterials can more efficiently and cost effectively display signals [e.g. activation of the downstream mitogenic signaling pathways required for stem cell self-renewal (Orford & Scadden, 2008; Cabanas-Danés et al, 2014) ]. However, there are some caveats. Not all immobilized cues may function the same, some may require liberation from the surface to exhibit an effect (this can be achieved with enzyme cleavable linkers) . Also, combinations of soluble and immobilized cues may be required to achieve desired effects.
An ideal expansion platform should enable large-scale iPSC expansion with batch-to-batch consistency at low cost, demonstrate excellent stability for long-term storage and use, and be compatible with common biomedical sterilization techniques. Reusability would be an added benefit for prolonged cell propagation. Chemically defined, synthetic substrates may address all of these criteria. Alternatively, iPSC self-renewal can be enhanced on standard TCPS substrates through harnessing substrate-induced protein adsorption/cell adhesion without additional chemical modifications. For example, patterning TCPS with UV/ozone radiation can produce a favorable surface for iPSC growth and reprogramming, and genetargeting protocols can be readily performed on the attached cells (Saha et al, 2011) . To achieve the full potential for large-scale iPSC expansion (billions of cells), the aforementioned synthetic substrates could be readily engineered and incorporated into microcarrier/suspension bioreactor systems. Compared to a 2D static culture platform, microcarrier-/bioreactor-based expansion systems generally offer higher cell yield per volume, superior process controllability, and simpler handling, thus enabling cost-effective scaling-up of stem cell production . Specifically, microcarriers (e.g. commercially available CultiSpher-S and Cytodex-3 systems) with well-defined microstructure and surface chemistry, when employed in conjunction with spinner flask-based dynamic culture, have been shown as a viable and economical alternative to conventional static adherent culture platforms for the large-scale expansion of multiple stem cell types (Alfred et al, 2011; Jung et al, 2012) .
In addition, computational modeling (Epa et al, 2012) and highthroughput biomaterials/ECM screening technologies (Underhill & Bhatia, 2007; Mei, 2012 ) that enable systematic investigation of material property-cellular function relationships can be used to accelerate material discovery toward improved large-scale iPSC production. While available synthetic substrates used for iPSC expansion are far from ideal (e.g. mostly require the pre-adsorption of adhesive proteins), biocompatible, chemically defined synthetic controllable substrates could serve as the next generation of substrates for large-scale iPSC production with good manufacturing practices (GMP)-compliant quality (Chen et al, 2014) .
Advanced biomaterials for the directed differentiation of iPSCs: regenerative medicine applications
While ESCs and iPSCs both represent a useful resource for tissue regeneration due to their unlimited self-renewal and capacity to differentiate into all three germ layers, unlike ESCs, iPSCs can be used to generate patient-specific cells and tissues. This makes iPSC more attractive for clinical translation as they can bypass the barriers related to immune rejection (Okano et al, 2013) . Unfortunately, despite rapid advances in iPSC research, iPSC-based cell therapies suffer from limited quantities of transplantable cells, low engraftment efficiency, unstable lineage specification, and uncontrolled host tissue response (Dimmeler et al, 2014; Tabar & Studer, 2014 ). These problems must be addressed for iPSC-based technologies to realize their potential in regenerative medicine.
Progress in the development of biomaterials for iPSC research and therapy may help address these safety and efficiency limitations. Significant efforts are underway to engineer viable, tissue-mimetic microenvironments for directed cell proliferation, differentiation (i.e. highly efficient and lineage specific), and generation of functional tissue substitutes in vitro. For example, the aforementioned "particle-in-cell" platforms have been incorporated into ESC embryoid bodies (EBs) to present requisite extracellular cues or morphogenic factors in a biologically relevant and spatiotemporally controlled manner. This has resulted in organized differentiation of ESCs within the 3D EBs with efficiency superior to that achieved by direct presentation of soluble factors (Carpenedo et al, 2009; BrattLeal et al, 2011 BrattLeal et al, , 2013 . A similar strategy uses 3D scaffold-guided ESC culture where controlled delivery of non-viral siRNA attained high levels of ESC transfection (up to 90% compared to < 40% on 2D culture substrates). Tight control over cell differentiation was achieved by specifically blocking genes representative of one germ layer (Zoldan et al, 2011) . These strategies should be applicable for modulating the fate and functions of iPSCs or their progeny for efficient and safe regenerative applications. Moreover, the engineering approaches discussed herein may also provide supportive interfaces for facilitating graft acceptance, cell engraftment, and functional integration with host tissues in vivo. In this section, we discuss initial regenerative biomaterial-based iPSC applications and their promise for the field.
Neural tissue regeneration
Directed and efficient differentiation of stem cells to lineage-specific cells depends on the physicochemical properties of the ECM, such as the elastic moduli and topographical features, in addition to soluble factors (Lutolf et al, 2009) . Biomaterials for neuronal differentiation tend to have low elastic moduli (< 1 kPa) to mimic the relative pliability of neural ECM (Leipzig & Shoichet, 2009) . Recently, Musah et al (2014) robustly differentiated hESCs into neurons-in the absence of neurogenic factors-by solely tuning the mechanical properties of the underlying matrix. To assess the selective differentiation of hESCs on substrates having varying elasticity, they developed polyacrylamide (PA) hydrogels (0.7, 3.0, 10 kPa) and functionalized them with glycosaminoglycan (GAG)-binding peptides, which facilitated the attachment of hESCs (primed using embryoid body medium for 5 days). They showed that while stiffer gels (3.0 and 10 kPa) promoted hESC self-renewal, the compliant hydrogels (0.7 kPa) resulted in highly efficient and reproducible neuronal differentiation of hESCs (more than 80% of differentiated cells expressed neuronal marker Tuj1). Interestingly, the cells that attached to compliant hydrogels exhibited altered cytoskeleton primarily via decreased F-actin polymerization. This led to a decrease in the transcriptional regulatory activity of coactivator YAP -involved in signaling pathways regulated by chemical and mechanical stimuli-which was sequestered in the cytoplasm. On stiffer gels, YAP was present in the nucleus, while on compliant gels, YAP was excluded from the nucleus. Furthermore, to confirm that YAP depletion augmented neuronal differentiation, they
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The EMBO Journal Biomaterials for iPSC research & therapy Zhixiang Tong et al knocked down YAP using RNAi. The YAP-depleted hESCs underwent neuronal differentiation when cultured on highly rigid polystyrene surfaces (10 6 kPa). Such studies underscore the importance of mechanical cues to control the differentiation of pluripotent stem cells. Additionally, natural and synthetic surfaces engineered with topographical features enhance iPSC adhesion, promote neuronal differentiation, and guide the growth of axons Kuo & Lin, 2013; Pan et al, 2013) . In a study assessing the role of topographical features, Pan et al (2013) used PDMS substrates to investigate how differing widths of nanoscale channels for cell growth impacted neural differentiation of iPSCs. Surfaces with a narrower pitch (350 nm width) significantly enhanced the contact guidance and alignment of the seeded iPSCs. The nanostructured surfaces with either topographical cues alone or in conjunction with pre-neuronal induction of iPSCs markedly elevated the expression of neuronal markers. Although the specific mechanisms triggering the expression of neuronal markers in this study remain unexplored, cell-cell interactions (e.g. cell-cell distance controlled by pattern dimension) and cell-ECM interactions (laminin versus collagen) have previously been shown to affect neuronal differentiation of neural stem cells (Solanki et al, 2010) and may be involved.
To further improve the differentiation efficiency compared with using soluble inductive moieties alone, biomaterials can be chemically modified to display neural-inductive moieties. For example, the addition of synthetic neurotransmitter analogs has led to enhanced neuronal differentiation of iPSCs (Terashima et al, 2014; Zhang et al, 2014a) . One can envision that immobilizing these moieties and enhancing their local availability may trigger relevant signaling cascades and promote the neuronal differentiation of iPSCs in a more robust manner (Kuo & Chung, 2012; Kuo & Wang, 2012; Kuo & Chang, 2013; Lei & Schaffer, 2013) . In one example, a composite scaffold of alginate and poly(c-glutamic acid) (c-PGA) was engineered to control the neuronal differentiation of iPSCs through defined porosity and surface chemistries (Kuo & Chung, 2012) . These porous scaffolds were surface-functionalized with a TATVHL peptide (transactivator of transcription (TAT)-VHL, known for stimulating neurite outgrowth), and exhibited a distinct stimulation of neurogenesis of iPSCs, as evidenced by the noticeable expression of neuronal marker Tuj1 and diminished expression of pluripotency markers over 7 days of culture (Kuo & Chung, 2012) . Although utilizing tethered inductive moieties is a suitable approach to effect neuronal differentiation, potent soluble induction factors remain indispensable for stable and efficient iPSC neurogenesis. Numerous biomaterial-based approaches have been designed to control the presentation of neuron-inductive growth factors in a sustained fashion. Among these, functionalization of the synthetic substrates with growth factor-binding polydopamine or heparin (Kuo & Wang, 2012) and utilization of nanoparticlebased delivery of plasmids expressing neurotrophin-3 (NT-3) (Chung et al, 2013) appear to be two viable approaches. These studies clearly suggest the potential of using biomaterials for inducing efficient neurogenesis of iPSCs.
Cardiovascular tissue regeneration
Many of the conventional methods for controlling the differentiation of PSCs/iPSCs into cardiac or vascular cell types require elaborate chemical induction regimens, but lack relevant physical contextual signals, for example, cyclic/mechanical loading or hypoxic conditions essential for the survival and maintenance of cardiac progenitor cells (Burridge et al, 2012; Liu et al, 2013b; Lane et al, 2014) . Biomaterials offer integrative platforms for combining biochemical and physical signals. Ideally, biomaterials used for cardiac tissue repair should be mechanically robust to provide sufficient mechanical compliance matching with the host tissue. Multiple biopolymers including fibrin (Godier-Furnemont et al, 2011) , alginate (Rosellini et al, 2009) , collagen (Zhang et al, 2012) , silk (Chi et al, 2012) , poly(L-lactic acid) (PLLA) (Wang et al, 2014b) , and poly(glycerol sebacate) (PGS) or its derivatives (Kharaziha et al, 2013; Lang et al, 2014) can be utilized for this purpose, and several have been studied in combination with iPSCs. For example, iPSC-derived smooth muscle cells (SMCs), when seeded in a porous PLLA scaffold, were able to maintain their mature SMC phenotype in vitro and promote the formation of vascular structures in vivo. Within 2 weeks of implantation in nude mice, the SMC-laden 3D PLLA constructs deposited substantial amounts of vascular tissuespecific matrix, and the restorative effect was dependent on the pore size and interconnectivity of the PLLA constructs (Xie et al, 2011; Wang et al, 2014b ). These findings demonstrate the utility of biocompatible, synthetic scaffolds for achieving iPSC-derived vascular cell growth and function.
Under defined chemical induction cues, 3D cultures of iPSCs could elicit superior efficiency and control of fate decisions toward an endothelial lineage versus traditional 2D monolayer culture. For example, Zhang et al developed a 3D fibrin-based hydrogel system for generating functional endothelial cells (ECs) from iPSCs. This soft hydrogel network was chosen to potentially match the intrinsic softness of ESCs and embryos (400-600 Pa) and to facilitate EB formation (Chowdhury et al, 2010; Dingal & Discher, 2014) for subsequent endothelial induction. Additionally, the biocompatibility and cross-linkability of fibrin permits in situ cell encapsulation and implantation. Also, the fibrin network is amenable to easy digestion under cytocompatible conditions, enabling the release of EBs for downstream induction culture or cellular analysis. Fibrin gels allow 3D iPSC culture, which, beyond the geometric advantages already discussed, improves endothelial differentiation compared to 2D culture (Zhang et al, 2014b) . Specifically, single human iPSCs were seeded either as a 2D monolayer (as control) or encapsulated into a fibrin gel and cultured in a defined endothelial induction medium for a total of 2 weeks. Immunohistological analysis revealed that the efficiency of endothelial induction from iPSCs was markedly improved (up to 45%) within the 3D fibrin scaffold. The resulting endothelial cells stably retained their functional phenotypes (uptake of acetylated lowdensity lipoprotein and formation of tubular structures on Matrigel TM ) for more than a month in vitro. Compared with 2D culture, the 3D environment appears to distribute precise stress and strain on the surrounding iPSCs and regulates their endothelial differentiation and morphogenesis (Rozario & DeSimone, 2010) , leading to enhanced control of iPSC fate decision. Systematic studies elucidating the interactions of iPSCs and fibrin scaffolds engineered with a range of physicochemical properties (e.g. concentration, crosslinking density, porosity, density of ligands) are warranted to maximize the utility of the 3D environment for controlled iPSC differentiation.
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In addition to architectural properties of biomaterial-based substrates, mechanical manipulation has also shown to be useful in promoting the cardiac differentiation and function of iPSC-derived cells. For example, human iPSC-derived cardiomyocytes encapsulated in a 3D collagen matrix and exposed to cyclic mechanical loading (Tulloch et al, 2011) significantly enhanced matrix fiber alignment and myofibrillogenesis of the cellular constructs, suggestive of cardiac tissue remodeling. While these architectural and mechanical signals show potential to increase differentiation efficiency, likely the combination of biomaterial scaffolds with the appropriate cellular niche elements will yield cardiac tissues possessing superior function. Coculture of stromal supporting cells and human iPSC-derived cardiomyocytes in these 3D collagen constructs showed a tenfold improvement in the proliferation of cardiomyocytes and the formation of vascular structures (Tulloch et al, 2011) . When such constructs were transplanted in the hearts of athymic nude rats, the human cardiomyocytes survived, and the grafts closely integrated into host myocardium one week posttransplantation, as evidenced by the perfusion of neosynthesized human microvessels by the host coronary circulation. These results collectively highlight the potential synergism of 3D biomaterial matrices with physiologically relevant regulatory cues (stromal niche and mechanical stress) as an effective approach for functional cardiac repair.
Musculoskeletal tissue regeneration
Biomaterials with robust mechanical properties, high strength/stiffness, and amenability to processing into porous or fibrous structures are promising alternatives to traditional TCPS substrates for the controlled differentiation of iPSCs or their progeny toward musculoskeletal lineages and their eventual implantation. Examples include PLLA, hydroxyapatite (D'Angelo et al, 2012), PCL (Jin et al, 2013; Tong et al, 2014) , and silk . These materials have been explored for the regeneration of musculoskeletal tissues given: (i) Stiffer substrates tend to foster the early fate commitment of stem cells toward musculoskeletal phenotypes (Mullen et al, 2013) ; (ii) mechanically competent scaffolds provide some physical support and protection of entrapped cells upon implantation, especially for tissues that are constantly load-bearing (Tong & Jia, 2012; Xiao et al, 2013; James & Laurencin, 2014) ; (iii) a porous/fibrous interface or 3D inner architecture can promote neovascularization and host tissue integration that can mimic properties of musculoskeletal tissues that exhibit inherent anisotropy (Place et al, 2009) .
In addition, biomaterials may replace soluble osteogenic induction factors partially or entirely while maintaining high differentiation efficiency. For example, human iPSCs cultured with mineralized gelatin methacrylate-based matrices readily differentiated into osteogenic cells (within 2 weeks of culture) in the absence of typical osteoinductive factors both on 2D surfaces and in 3D scaffolds (Kang et al, 2014) . This may also be achieved via naturally derived scaffolds (de Peppo et al, 2013) . Specifically, iPSCs-derived mesenchymal progenitor cells interfaced with mechanically compliant biomaterials (a decellularized bovine trabecular bone scaffold) for 5 weeks exhibited distinct expression of bone lineage-specific genes and significant bone-like tissue formation. Such scaffoldinduced effects were also significantly enhanced by the dynamic cultivation conditions created by a perfusion bioreactor. cDNA microarray analysis for the progenitor cells before and after 3D dynamic cultivation suggested the occurrence of a proliferation/ differentiation switch during the 5 weeks of culture, indicative of committed bone lineage maturation and reduction in teratomaforming potential. Furthermore, these in vitro engineered bone substitutes were implanted subcutaneously in nude mice for 12 weeks. The explants displayed a mature, dense bone-like tissue formation with the absence of undesired cell types. More importantly, distinct recruitment of osteoclasts and microvasculature ingrowth were observed along/ across the entire explant construct, demonstrating successful bone tissue remodeling. These findings collectively suggest that efficient tissue-specific commitment of iPSCderived progenitor cells down the osteogenic lineage can be achieved through the rational combination use of scaffolds and bioreactors.
Liver tissue regeneration
To address the huge need for transplantable liver tissue, approaches that harness liver tissue engineering principles are being investigated. Compared to conventional 2D monolayer cultures, 3D encapsulation of hepatocytes in alginate (Ozawa et al, 2013) , collagen (Yip & Cho, 2013) , or other synthetic hydrogels Malinen et al, 2014) accelerates the formation of hepatic spheroids with improved function. Hepatocytes and endothelial cells are two of the major cell types found in liver tissues (Kmiec, 2001 ). Cocultures of hepatocytes and neighboring non-parenchymal cells, for example, endothelial cells, show improved liver-specific drug metabolism function of hepatocytes and prolonged survival. This is primarily attributed to enhanced reciprocal signaling interactions. The impact of such interactions tightly relies on the spatial patterning of the cocultured cell types (Bhatia et al, 1999; Tukov et al, 2006; Li et al, 2014) . For example, a composite polyelectrolyte fiber gel was formed by multiinterfacial polyelectrolyte complexation (MIPC), where fibers are drawn from two or more interfaces between two oppositely charged polyelectrolytes, resulting in isolated domains within single fibers. This gel was developed for liver tissue engineering using a modular approach involving multiple cell types derived from human iPSCs (Du et al, 2014) . In this study, hepatocytes and endothelial cells were initially differentiated from human iPSCs via chemically defined factors and a multi-step protocol. These two cell types were separately encapsulated in different compartments of MICP fibers and subsequently assembled into a stratified liver-mimetic architecture. The spacing of endothelial domains in the construct was 200-250 lm such that hepatocyte domains resided within the diffusion limit of oxygen and nutrients (Jain et al, 2005) . Coculture of hepatocytes and endothelial cells in their specific niche locations markedly improved hepatocyte function (e.g. albumin secretion) in vitro and facilitated neovascularization when implanted into a murine partial hepatectomy model. When the engineered constructs were implanted in mice for 2 weeks, human albumin was detected in the serum, indicating functional integration of vascularized implants with host blood vessels. The alternating gel fibers (chitin-collagen versus chitin-galactose) assembled via interfacial alginate represent a permissive matrix for the desired phenotypes of both cell types, yet the underlying molecular mechanism remains to be elucidated.
Unlike the aforementioned fiber system that is introduced after the derivation of hepatic cells from iPSCs, a continuous alginate hydrogel system employed for both iPSC colony/EB formation and hepatic differentiation was recently established for improved differentiation efficiency (Lau et al, 2013) . This system relies on a
The EMBO Journal Biomaterials for iPSC research & therapy Zhixiang Tong et al unique, interconnective porous structure [microcavitary hydrogel (MCG)] designed to both enhance nutrient exchange and increase living space for rapid expansion of iPSCs and subsequent EB formation. To evaluate the system, single murine iPSCs were encapsulated in the alginate MCG scaffolds and cultured for 10 days until significant formation of EBs. Defined inductive factors were then applied stepwise to coax their differentiation into endodermal (100 ng/ml activin A) and subsequently hepatic lineages (20 ng/ml HGF, 10 ng/ml oncostatin M). The resulting cells encapsulated in the 3D MCG gel generated a markedly higher level of urea and albumin production compared to that of the 2D monolayer culture. Importantly, the cells maintained in 3D MCG gel minimally differentiated toward unfavorable lineages in the presence of leukemia inhibitory factor (LIF). Therefore, a single 3D biomaterial culture system permitted the entire process of iPSC expansion, EB formation, endoderm differentiation, and hepatic maturation within a month by simply switching soluble inductive factors. This versatile hydrogel system could serve as a potent platform for efficient, functional hepatocyte differentiation, as well as a practical cell delivery vehicle for liver regeneration. Compared to traditional 2D culture, the 3D porous scaffold utilized herein for liver tissue offers an additional dimension for efficient colony expansion (less constrained) and potentially elicits a synergistic role with soluble inductive cues for directed iPSC fate control.
Emerging applications of biomaterials with iPSCs
The combination of biomaterials and iPSCs for disease modeling An important emerging application of iPSC technology includes creating patient-specific disease models (Rosenzweig, 2010) . iPSCs may be derived from diseased and healthy tissue alike, and thus, patient-specific "disease-in-a-dish" models could be created to recapitulate stage-specific pathology (Park et al, 2008; Belmonte et al, 2009; Miller Justine et al, 2013; Badger et al, 2014; Woodard et al, 2014) . These models could help us identify new disease targets, devise effective screening platforms (Takayama et al, 2013) , and develop new therapeutic modalities. These tools are especially useful for investigating rare genetic disorders, where relevant animal models and patient samples are limited [e.g. ataxia telangiectasia and Williams-Beuren syndrome (WBS) (Kinnear et al, 2013) ]. iPSC-derived disease models may offer a significant advantage over animal models because they may more accurately reflect human disease pathology and may respond to therapies in a more physiologically relevant manner than traditional animal disease models. Furthermore, "disease-in-a-dish" strategies may significantly reduce costs and investigation time compared to animal studies. Although these models are limited by their lack of systemic context and disease-associated environmental cues [e.g. disorganized ECM that represents the hallmark of certain diseased tissues in situ (Bateman et al, 2009 )], they would represent an important new method of disease investigation complementary to existing animal models. The integration of biomaterials with existing iPSC-based disease models could better recapitulate disease pathology and may represent superior scalability and flexibility for creating large numbers of personalized models to meet diverse and urgent patient needs. This principle has recently been substantiated by multiple studies primarily involving cardiovascular or neurodegenerative diseases (Saha & Jaenisch, 2009; Wang et al, 2014a; Zhang et al, 2014a) . For instance, to better understand cardiac arrhythmias and related cardiovascular diseases, a cardiac disease model was created using iPSCs-derived cardiomyocytes (CMs) seeded in a synthetic filamentous scaffold . The CMs were derived from healthy wild-type (WT) iPSCs and long QT syndrome type 3 (LQT3) iPSCs. Two-photon initiated polymerization (TPIP) with a UV-curable organic-inorganic hybrid polymer was used to create the 3D filamentous scaffolds with precisely controlled structural alignment, spatial resolution, and mechanical properties. Tailoring these parameters modulated the contractility of residing CMs and, more importantly, recapitulated the abnormal contractility of long QT syndrome in the LQT3 iPSC-CMs-seeded scaffold, which was not seen in WT iPSC-CMs-seeded counterparts. After identifying the most relevant cardiac model with LQT3 iPSC-CMs, the model was further tested by exposure to a spectrum of cardiotoxic compounds. The LQT3 iPSCs-CMs were found to be more sensitive to the pharmacological interference when grown in a 3D scaffold with lower fiber stiffness, compared to those cultured in 3D with stiffer fibers or on 2D surfaces. These findings collectively suggest that 3D tissue engineered models with defined cellular microenvironments hold great promise and may be useful for high-throughput drug screening and toxicity testing. Biomaterial-guided, personalized disease models may significantly reduce drug discovery costs by reducing the number of required animal studies and may offer broad flexibility for modeling diverse disease settings, thus aiding in the understanding of disease mechanisms and propelling the development of personalized medicine (van de Stolpe & den Toonder, 2013) .
3D bioprinting: stacking iPSCs and biomaterials with improved physiological resemblance Another biomaterial-based method for efficiently creating and studying iPSC-derived organ systems is 3D bioprinting. Three-dimensional printing, otherwise known as additive manufacturing, has attracted extensive attention over the past decade and is fostering major innovations in many fields. Three-dimensional printing of biocompatible materials, living cells, and essential supporting elements can be used to generate 3D functional tissues/organs suitable for transplantation or tissue modeling applications (e.g. "organon-a-chip") (Chang et al, 2008; Levato et al, 2014; Murphy & Atala, 2014; Neufurth et al, 2014) . Three-dimensional bioprinting enables layer-by-layer arrangement of biomaterials, biochemicals, and living cells with precise spatial control (Guillotin et al, 2010; Moon et al, 2010) . With appropriately matched biomaterials and cell sources, the fabricated 3D constructs could offer desired biological and mechanical properties matching the needs for functional tissue/ organ restoration.
Three-dimensional bioprinting holds great promise for closely mimicking the systemic complexities of physiological or pathological conditions (e.g. cross talk between immune and neurological systems) with sufficient micro-/nanoscale resolution (Xu et al, 2013a; Poldervaart et al, 2014) . This could potentially address the challenges encountered by current 3D disease modeling, such as the lack of desired vascularization and innervation, hence unleashing the potential of iPSCs as research and drug discovery tools. To replicate biological tissues on a desired scale, thorough understanding of cellular microenvironments, including specific arrangement
The EMBO Journal Zhixiang Tong et al Biomaterials for iPSC research & therapy The EMBO Journal of different types of supporting cell, ECM compositions, and gradients of physical and soluble/insoluble biochemical cues, is required. Biomaterials are poised to emulate such microenvironmental elements while serving as the backbone for the printed constructs. In addition to providing essential biocompatibility, degradability, material biomimicry, and structural/mechanical support, biomaterials employed for 3D bioprinting should be amenable to existing 3D printing techniques and be accurately deposited with desired spatial and temporal control while displaying required post-printing properties. Moreover, the ability of biomaterials chosen to protect cells during and after the printing process is another critical consideration for the success of 3D bioprinting (Park et al, 2014) . These advantages of 3D bioprinting have been recently demonstrated in a proof-of-principle study by Kolesky et al (2014) . They created an intricate, heterogeneous tissue construct replete with vasculature, multiple cell types, and ECM using a custom-designed 3D bioprinting method (Kolesky et al, 2014) . They explored fugitive/sacrificial and cell-laden hydrogel ink materials that were designed to meet the following key criteria: (i) The inks are compatible with one another under the printing conditions; (ii) the patterned cells and surrounding ECM are not compromised during the process of removing sacrificial ink for creating vascular channels; that is, the fugitive ink should be biocompatible and should be removable under mild conditions; (iii) the resulting vascular channels are perfusable; and (iv) the cells introduced during printing (e.g. fibroblasts) and post-printing by perfusion (e.g. endothelial cells) should remain viable. Specifically, a 4-layered tissue construct composed of semi-woven features was generated by a layer-by-layer deposition of four ink materials through a 200-lm nozzle: PDMS, fugitive Pluronic F127 that undergoes thermally reversible gelation, and two different cell-laden GelMA inks (gelatin methacrylate and photopolymerizable by UV after printing). Afterward, pure GelMA ink was deposited onto the construct and UV-cross-linked to form the ECM matrix and encapsulate the printed features. The 3D printed construct, after the rapid removal of fugitive ink, effectively supported endothelialization under perfusion conditions within 2 days of in vitro culture. Moreover, the two printed fibroblast cell types exhibited similar levels of cell viability after 7 days of culture compared with the control cells without printing, suggesting the 3D bioprinting approach was non-destructive. This robust 3D bioprinting platform is a promising tool for producing functional tissue constructs that may be useful for screening drugs and studying tissue morphogenesis and stem cell niches.
High-throughput screening of maximally supportive substrates for iPSC expansion and differentiation Recent advances in microscale technologies and their automation have begun to "upgrade" the traditional paradigm of cell culture (Levy et al, 2015) . Miniaturizing an individual cell culture plate into small micron-sized patterns permits high-throughput parameter identification and optimization (Mei et al, 2007; Cimetta et al, 2013) . Specifically for iPSCs, discovering biomaterial-based substrates that can overcome the limitations of traditional iPSC expansion/differentiation platforms in an efficient, high-throughput manner is of great significance (Fig 5A) . To this end, Mei et al (2010) have devised a high-throughput screening platform for identifying new substrates to culture ESCs/iPSCs to achieve accelerated colony expansion in a chemically defined, xeno-free condition. This platform, a biomaterial microarray, was developed to achieve rapid synthesis and analysis of synthetic substrates with diverse surface chemistries. Combinatorial synthesis of polymers with a broad range of acrylate monomers was employed for the polymer microarray fabrication. The substrates were evaluated by plating human iPSCs or ESCs on the microarray and measuring their colony-forming efficiencies. Material properties including surface wettability, topography, surface chemistry, and stiffness were assessed via high-throughput characterization methods aimed at establishing the correlation between material properties and cell behavior. The screening results revealed that monomers with relatively high acrylate content and moderate surface wettability led to efficient iPSC growth (Fig 5B) . Such correlation is mediated through the interactions between the surface-induced vitronectin adsorption and their corresponding integrin receptors on the iPSCs. This high-throughput biomaterialscreening platform enables efficient investigation of cell-matrix interactions and optimization of iPSC expansion substrates with minimal amounts of materials and cells required. Using a similar high-throughput polymerization and screening platform, Xie et al established a comprehensive library of 66 monomer-grafted surfaces and identified one "hit" substrate that maintained self-renewal of mouse ESCs for up to seven passages, primarily through integrin b1-mediated cell-matrix interactions (Zonca et al, 2013) .
In addition to searching for supportive substrates for highefficiency iPSC expansion, one must consider stem cell niche ▸ Figure 5 . High-throughput biomaterial arrays enable simultaneous evaluation of multiple cell-matrix and cell-cell interactions to identify conditions for efficient expansion and controlled differentiation of iPSCs or their progeny. (A) Multiple cellular microenvironmental cues and their combinations can be engineered and their interactions with iPSCs-/iPSC-derived progeny can be evaluated in a combinatorial manner on a single arrayed substrate. Microenvironmental cues can be presented to cells via (a) a coculture of multiple cellular components mimicking native cell-cell interactions; (b) substrate stiffness; (c) substrate-induced topographic cues generated by micro-/nanopatterning; (d) spatiotemporally controlled presentation of soluble factors; (e) tethered bioactive factors via substrate surface functionalization. (B) In a relevant example, single Oct4-GFP-positive human ESCs were plated onto the polymer arrays with 496 polymer combinations. Individual cells were initially seeded and attached at a near-clonal density within each spot (white arrowheads in the day 1 panel). Cell response was varied from days 1 to 7 on spots coated with three different polymers (two repeats of each), as shown by the staining of cell nuclei (Hoechst blue) and the level of GFP expression. The 16E-30% polymer was not supportive of cell attachment or survival, whereas the 6F-30% polymer exhibited moderate support for cell growth but did not maintain pluripotency. A hit polymer, the "9" homopolymer, supported robust proliferation of ESCs without differentiation, which was further confirmed by the immunostaining of pluripotency markers Oct4 (green) and SSEA4 (red). (C) In another relevant example, murine ESCs were placed on a combinatorial ECM array and stained with X-gal (blue area indicating the activity of a b-galactosidase reporter fused into a fetal liver-specific gene Ankrd17) after 3 days of culture. The combination of collagen I (C1), collagen III (C3), laminin (L), and fibronectin (Fn) (top red box) induced elevated reporter activity compared to cells on C3 + L (bottom gray box). Scale bar, 250 lm; inset scale bar, 50 lm. The right bar graph depicts the quantification of "blue" image area on each spot of the ECM mixtures, with specific compositions illustrated by the color legend (C4: collagen IV). The cells cultured on matrix mixture C1 + C3 + L + FN elicited~27-fold higher Ankrd17 reporter activity than that of the cultures on C3 + L. (Flaim et al, 2005) and cell-cell interactions (Fig 5A) that can support directed differentiation of iPSCs or their progeny. In a pilot study by Anderson et al (2004) , high-throughput biomaterial arrays were developed for evaluating cell-material interactions to identify materials that support the controlled differentiation of human ESCs. The combinatorial polymer array was fabricated by mixing 24 acrylate co-monomers with different polarities, chain lengths, and branching in a multi-well format, followed by radical polymerization to form a library of nearly 600 materials. Over 1,700 ESC-material interactions were simultaneously characterized and a set of "hit" materials were found to effectively induce ESC differentiation toward epithelial-like cells, as shown by the cytokeratin-positive staining after 6 days of culture under proper solution conditions. The majority of these identified polymers also appeared to support cell attachment and spreading to display distinct cellular morphology, implying matrix-induced early fate decisions of ESCs (e.g. epithelial versus mesenchymal phenotype). Once the "hit" conditions are identified, this simple, one-step cell differentiation platform could be easily scaled up and allow for the production of large quantities of pure iPSC progeny, essential for the establishment of iPSC-derived research tools and cell replacement therapies. Furthermore, the array fabrication process (e.g. acrylate polymerization) is highly flexible and can be easily extended to the third dimension (e.g. scaffolds) or incorporated with bioactive motifs such as receptor-specific ligands or adhesive peptides. In addition to the utility of polymer arrays for identifying materials that can control stem cell phenotype, alternatively, Bhatia et al developed an ECM microarray to investigate the combinatorial effect of ECM mixtures on the differentiation of ESCs (Flaim et al, 2005) . This platform enables the investigation of multiple natural microenvironmental cues. For the fabrication process, the system requires only standard DNA spotter, "off-the-shelf" chemicals, and a significantly less (1,000 times) amount of ECM proteins than traditional approaches for studying cell-ECM interactions. And this platform is applicable for the deposition of nearly any kind of soluble or insoluble factors, which implies the potential of revealing a more global picture of the roles of diverse microenvironmental cues on stem cell fate and function. Specifically, 32 different combinations of five ECM proteins (collagens I, III, and IV, laminin, and fibronectin) were spotted with nanoliter volume onto the array and their effects on ESC differentiation were systematically studied. Particular combinations of ECMs were found to synergistically foster the early hepatic commitment of ESCs within 3 days of culture in the presence of retinoic acid (RA). For example, the combination of collagen I, collagen III, laminin, and fibronectin induced significantly higher hepatic reporter (b-galactosidase) expression than that of the cells cultured on collagen III + laminin (Fig 5C) . We envision that this versatile platform can be easily adapted to elucidate the cell-matrix interactions of iPSCs or their progeny and hence optimizing the manipulation of the microenvironment to achieve directed lineage specification.
Perspective and conclusion
Given the relatively short history and exploratory nature of iPSC research, it is remarkable that clinical trials have already begun. Namely, the world's first iPSC clinical trial for treating age-related macular degeneration (AMD) was approved in Japan, and the first patient was treated in September 2014 (David, 2014) . Although promising, the major challenges discussed herein, that is, safety, efficiency, and scalability, will impact effective translation of current iPSC preclinical findings into clinical therapies.
Biomaterial science and its application to iPSCs or iPSC-derived cells holds far-reaching implications for advancing the utility of iPSCs as research tools and expediting their clinical translation. Biomaterials offer superior control over the spatiotemporal presentation and kinetics of soluble factors that are typically employed in traditional iPSC derivation, expansion, and differentiation protocols, leading to improved safety, efficiency, and scalability. Through rationally designed "outside-in" (e.g. engineering the cellular microenvironment) and "inside-out" (e.g. "particle-in-cell" platform) strategies, biomaterials may present opportunities to better probe iPSC biology and regulate their fate and function in vitro and in vivo. For example, libraries of materials can be systematically created with a varying stiffness, substrate topography, and degradation kinetics. Such approaches have recently been used to probe time-sensitive events at the cell-material interface (Burdick & Murphy, 2012; Tibbitt & Anseth, 2012) .
The ability to achieve controlled presentation of soluble and substrate-based cues, particularly in the context of iPSC self-renewal and differentiation, motivates the need for future systematic studies to identify and establish relevant material structure-function relationships. Emerging technologies such as predictive computational modeling, high-throughput biomaterial arrays, and 3D bioprinting will help advance our comprehensive understanding of cell-cell/ cell-matrix interactions. Until such time as research tool companies offer off-the-shelf biomaterials products to address these much needed areas of research, basic stem cell biologists will need to forge alliances with bioengineers who can engineer the required materials.
We recognize that, while promising and exciting, the application of biomaterials for iPSC research and therapeutic applications is challenging. There are additional complexities that must be considered. For example, the identification of relevant biomaterials can be laborious, and properties of biomaterials including surface chemistry, surface topography, stiffness, size, and shape can all impact the cellular response. One must also consider the intricate and often undefined cross talk between biomaterials and cells (e.g. the cell secretome can include enzymes that accelerate the degradation of materials and the degradation products can impact cell phenotype and function including the secretion of degradative enzymes). Synergistic and systematic efforts from the fields of engineering, biomaterial science, stem cell biology, and medicine will be required to tackle these challenges and, with the help of biomaterials, rapidly bring the potential of iPSCs to fruition.
